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(57) ABSTRACT

A matching technique that may be used with electrically
small antennas uses one or more digital circuit blocks
connected 1n a feedback arrangement configured to tune the
transier function response between the antenna and an
output port of the system. Each circuit block may include an
analog-to-digital converter (ADC), a digital filter, and a
digital-to-analog converter (DAC). As such, tuning the
transier function may be achieved by sensing a voltage or
current at various circuit nodes using one or more ADCs,
filtering the measurements 1n response-shaping digital {il-
ters, and using one or more DACs to drive other circuit
nodes 1n a manner that elicits a desired circuit response.
Techniques are provided for allowing a matched antenna to
adapt to a changing environment about the antenna. In one
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illustrative embodiment, the digital circuit blocks may be
provided as digital non-Foster circuit blocks.

34 Claims, 11 Drawing Sheets
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DIGITAL MATCHING OF A RADIO
FREQUENCY ANTENNA

CROSS REFERENCE TO RELATED
APPLICATIONS

This application 1s a U.S. National Stage of PCT appli-
cation PCT/US2015/033742 filed 1n the English language on

Jun. 2, 2015, and entitled “Dicrtar Matcumwe OrF A Rabio
FreQuENCY ANTENNA,” which claims the benefit under 35
U.S.C. §119 of provisional application No. 62/007,131 filed
Jun. 3, 2014, which application 1s hereby incorporated
herein by reference in 1ts entirety.

GOVERNMENT RIGHTS

This 1nvention was made with government support under
Contract No. FA8721-03-C-0002 awarded by the U.S. Air
Force. The government has certain rights in this mnvention.

FIELD

The subject matter described herein relates generally to
radio frequency (RF) antennas and, more particularly, to
techniques for matching RF antennas, maximizing signal-
to-noise ratio and suppressing interierence.

BACKGROUND

In both military and commercial markets, there has been
a long felt need for an eflicient small antenna that can
operate over a wide bandwidth. A principle 1ssue with small
antennas 1s that they have a large electrical reactance relative
to radiation resistance. The large reactance creates a mis-
match to the load, which can result 1n a significant power
loss. Passive matching can be used to provide an adequate
match over relatively small bandwidths. However, there 1s a
fundamental limit to the bandwidth-efliciency product for
passive matching. In many applications, 1t 1s desirable for a
small antenna to operate over bandwidths far exceeding
those possible with passive matching.

SUMMARY

The present disclosure relates to methods and systems that
are capable of providing active matching for an electrically
small antenna to provide operation over a large bandwidth.
It should be appreciated that although reference 1s sometime
made herein to digital “non-Foster” matching techniques,
the concepts, systems and techniques described herein are
not so limited. Reference herein to various embodiments
utilizing digital “non-Foster” matching techniques to tune a
transier function response between an antenna and an output
node are made to promote clarity in the description of the
concepts described. The concepts, systems and techniques
described herein apply to a wide range of matching tech-
niques and systems. It 1s appreciated that non-Foster match-
ing has been used 1n the past for providing an antenna match.
However, past non-Foster matching implementations have
displayed severe limitations and, as a result, non-Foster
matching has not been widely adopted for use with antennas.

One significant limitation of antenna matching implemen-

tations (including non-Foster antenna matching implemen-
tations) to date has been the inability of the matching
circuitry to adapt when the environment surrounding the
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2

antenna changes. This limitation can result 1n, for example,
loss of performance, increased noise, and/or circuit oscilla-
tion.

As described 1n detail herein, a technique referred to as
Adaptive Digital Matching of a Radio Frequency Antenna
(e.g., Adaptive Digital Matching of non-Foster Antenna or
Antenna System) or, more simply, Digital Matching of a
Radio Frequency Antenna, allows an antenna match to adapt
to a changing antenna environment.

Another limitation of antenna matching (including, but
not limited to non-Foster antenna matching) i1s that a large
ratio of electrical reactance to radiation resistance requires
that very tight tolerances 1n the matching must be achieved
to provide eilicient matching over a wide bandwidth.

The concepts and techniques described herein incorporate
digital computation 1n the determination of the Digital
Matching of a Radio Frequency Antenna. This approach
provides required tolerances that are not inherent in current
analog-only matching approaches.

A Turther limitation of conventional antenna matching
approaches (including non-Foster antenna matching
approaches) 1s that the state of the match 1s not readily
observed.

In accordance with the concepts, systems, circuits and
techniques described herein, however, Digital Matching of a
Radio Frequency Antenna utilizes one or more techniques
that allow the state of an antenna match to be monitored over
time.

With knowledge of the changing antenna impedance,
modifications may be made to digital processing circuitry
(e.g., one or more digital filters, etc.) such that the desired
terminating impedance 1s maintained, even if the antenna
environment 1s changing significantly. In some embodi-
ments, adaptive control may be achieved using digital
matching circuitry (e.g. digital non-Foster matching cir-
cuitry) that actively drives circuit nodes to determine the
optimal load response through the use of a digital-to-analog
converter (DAC). This allows for tuning the response from
the antenna to the output port with more flexibility than has
been achieved in current matching approaches (including,
but not limited to current non-Foster matching approaches).

In some embodiments, the ability to adapt to a changing
environment may be used to suppress signals received from
nearby transmitters that might otherwise interfere with the
reception ol desired signals in a receiver. This signal sup-
pression capability can be used to support, for example,
Simultaneous Transmit and Receive (STAR) operation using
nearby transmit antenna.

One goal of a receiver system 1s to increase (and ideally
maximize) the signal-to-noise ratio (SNR) of the recerved
signal so as to enhance the ability of a receiver to accurately
detect, demodulate, and/or decode the signal. When passive
antenna matching 1s used, this goal may be achieved by
using circuitry that maximizes power transier from the
antenna to the receiver, as maximum power transier typi-
cally translates into maximizing SNR. When active match-
ing 1s used, eflicient power transfer and maximizing SNR are
indirectly related. Maximizing the power transier by pro-
viding a precise impedance match 1s possible, but optimi-
zations other than maximum power transier are possible
with the new approach. Noise currents and voltages of the
receiving circuitry may be incorporated mto the maximiza-
tion. In this regard, in some embodiments described herein,
matching techniques are provided that allow independent
optimization for power transfer or for maximizing SNR
(e.g., using multi-loop matching, etc.) by minimizing the
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response to these noise currents and voltages, or, the desired
signal SNR can be maximized by suppressing other inter-
ference sources.

In accordance with one aspect of the concepts, systems,
circuits, and techniques described herein, an antenna system
comprises: an antenna; receiver circuitry to process signals
received by the antenna, the receiver circuitry including a
first electronic component having an mput coupled to a port
of the antenna; and matching circuitry to tune the transfer
function response between the antenna and the first elec-
tronic component, the matching circuitry including a digital
circuit block to implement matching, the digital circuit block
being coupled to provide feedback to the port of the antenna,
wherein the digital circuit block includes: an analog-to-
digital converter (ADC) to convert a sensed analog input
signal to a digital output signal; a digital processor to process
the digital output signal of the ADC 1n accordance with a
transier function associated with a matching scheme; and a
digital-to-analog converter (DAC) to convert a digital output
signal of the digital processor to an analog signal.

In one illustrative embodiment, the matching circuitry
includes a digital non-Foster circuit block to implement
non-Foster matching, the digital non-Foster circuit block
being coupled to provide feedback to the port of the antenna,
wherein the digital non-Foster circuit block includes: an
analog-to-digital converter (ADC) to convert a sensed ana-
log mput signal to a digital output signal; a digital processor

to process the digital output signal of the ADC 1n accordance
with a transter function associated with a non-Foster match-
ing scheme; and a digital-to-analog converter (DAC) to
convert a digital output signal of the digital processor to an
analog signal.

In one embodiment, the ADC of the digital circuit block
samples a signal on a node of the receiver circuitry after the
first electronic component; and the DAC of the digital circuit
block injects an analog signal at the mput of the first
clectronic component.

In one embodiment, the matching circuitry includes mul-
tiple digital circuit blocks, wherein each of the multiple
digital circuit blocks samples different nodes 1n the receiver
circuitry, implements a different transfer function within a
corresponding digital processor and provides feedback to the
antenna port by a different mechanism.

In one embodiment, the matching circuitry includes at
least two digital circuit blocks that are cross coupled with
one another 1 a manner that combines different sensing
modes with different feedback mechanisms.

In one embodiment, the antenna 1s an electrically small
antenna.

In one embodiment, the matching circuitry 1s configured
to adapt to a changing environment around the antenna to
maintain a desired transfer function response between the
antenna and the first electronic component.

In one embodiment, the matching circuitry further com-
prises: a wavelorm source for imparting a probe waveform
to a node associated with the first electronic component and
the antenna; and a monitor for monitoring a response of the
first electronic component and/or the antenna to the probe
wavelorm.

In one embodiment, the matching circuitry further com-
prises: a system model generator to determine a system
model based on the response of the first electronic compo-
nent and/or the antenna to the probe waveform; and a filter
modification unit to moditly the transier function associated
with the digital circuit block based, at least in part, on the
system model. Such extraction of signal models falls under
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the general field of System Identification (see, e.g., T.
Soderstrom, P. Stoica, System Identification, Prentice Hall,
1989.)

In one embodiment, the transfer function 1s used to
maximize signal to noise ratio at an antenna system output
port.

In one embodiment, the transfer function i1s used to
minimize signal distortion at an antenna system output port
by correcting for non-linear responses.

In one embodiment, the antenna system further comprises
means to activate and deactivate the probe wavelform source.

In one embodiment, the wavelorm source 1s configured to
generate a probe wavelorm having a relatively high signal
level and a short duration.

In one embodiment, the matching circuitry further com-
prises: a system model generator to generate a system model
based on the response of the antenna and/or first electronic
component to the applied probe wavetorm; a digital filter to
compensate the applied probe wavelorm; and a difference
unit to subtract the probe wavetform from an output signal of
the first electronic component.

In one embodiment, the wavelorm source 1s configured to
generate a probe wavelorm having a relatively low signal
level that 1s continuously applied to the node during antenna
operation.

In one embodiment, the ADC and the DAC are configured
to operate 1n a sub-sampling mode and the matching cir-
cuitry 1s configured to perform matching operations 1in
Nyquist zones greater than a first Nyquist zone.

In accordance with another aspect of the concepts, sys-
tems, circuits, and techniques described herein, a method for
tuning the response between an antenna and an electronic
component comprises: sampling and digitizing a signal at a
circuit node 1n an antenna system having an antenna coupled
to a first electronic component; filtering the digitized signal
in a digital filter to generate a filtered digital signal; con-
verting the filtered digital signal to an analog signal and
teeding the analog signal back to a node associated with the
antenna, wherein the digital filter includes a transfer function
that 1s designed to provide matching between the antenna
and the first electronic component; superimposing a probe
wavelorm onto the digital signal before the filtered digital
signal 1s converted to analog signal that 1s fed back to the
node associated with the antenna; monitoring a response of
the antenna and/or the first electronic component to the
probe wavelorm; and modifying the transfer function of the
digital filter based on the response of the antenna and/or the
first electronic component to the probe waveform to main-
tain a matched condition between the antenna and the first
clectronic component when an environment about the
antenna 1s changing.

In one embodiment, the method further comprises con-
tinually repeating superimposing, monitoring, and modify-
ing filter responses during operation of the antenna system.

In one embodiment, the transfer function of the digital
filter 1s computed 1n accordance with one of the following
goals: optimizing power transier, optimizing SNR, suppress-
ing undesired receive signals, and suppressing undesired
non-linear circuit responses.

In one embodiment, the digital filter includes a first digital
filter and the filtered digital signal includes a first filtered
digital signal; and the method further comprises: filtering the
digitized signal in a second digital filter to generate a second
filtered digital signal; and converting the second filtered
digital signal to a second analog signal and feeding the
second analog signal back to a node associated with the
antenna, wherein the second digital filter includes a second
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transfer function that 1s designed to provide non-Foster
matching between the antenna and the first electronic com-
ponent.

In one embodiment, the circuit node 1n the antenna system
includes a first circuit node; and the method further com-
prises: sampling and digitizing a second signal at a second
circuit node in the antenna system to generate a second
digitized signal; filtering the second digitized signal 1n a
second digital filter to generate a second filtered digital
signal; and converting the second filtered digital signal to a
second analog signal and feeding the second analog signal
back to the same or a different node associated with the
antenna, wherein the second digital filter includes a second
transfer function that 1s designed to provide non-Foster
transfer function tuning between the antenna and the first
clectronic component.

In accordance with a further aspect of the concepts,
systems, circuits, and techniques described herein, an
antenna system, comprises: a multiport antenna; receiver
circuitry to process signals received by the multiport
antenna, the receiver circuitry including a first electronic
component having an input coupled to one or more ports of
the antenna; and matching circuitry to provide a desired
transfer function response between the multiport antenna
and the first electronic component, the matching circuitry
including a digital circuit block to implement matching, the
digital circuit block being coupled to provide feedback to at
least one port of the multiport antenna so that the antenna
forms a portion of the feedback loop, wherein the digital
circuit block includes: an analog-to-digital converter (ADC)
to convert a sensed analog input signal to a digital output
signal; a digital processor to process the digital output signal
of the ADC 1n accordance with a transfer function associated
with a matching scheme; and a digital-to-analog converter
(DAC) to convert a digital output signal of the digital
processor to an analog signal.

In one 1llustrative embodiment, the digital circuit block to
implement matching may be provided as a digital Non-
Foster circuit block to implement Non-Foster matching. The
digital Non-Foster circuit block 1s coupled to provide feed-
back to at least one port of the multiport antenna so that the
antenna forms a portion of the feedback loop. In one
illustrative embodiment, the digital Non-Foster circuit block
includes: an analog-to-digital converter (ADC) to convert a
sensed analog iput signal to a digital output signal; a digital
processor to process the digital output signal of the ADC in
accordance with a transier function associated with a non-
Foster matching scheme; and a digital-to-analog converter
(DAC) to convert a digital output signal of the digital
processor to an analog signal.

In one embodiment, the matching circuitry includes one
DAC for each of at least two ports of the antenna for use 1n
providing feedback.

In one embodiment, the multiport antenna includes mul-
tiple coils wrapped about a common magnetic core, wherein
cach coil defines a port of the antenna and the magnetic core
forms a feedback summing junction wherein the multiple
coils are configured to achieve a desired flux combining
ratio.

In one embodiment, the multiport antenna includes dis-
tributed capacitive coupling structures to serve as a feedback
summing junction, wherein one or more feedback signals
are coupled through an electric field within the distributed
capacitive coupling.

BRIEF DESCRIPTION OF THE DRAWINGS

The foregoing features may be more fully understood
from the following description of the drawings in which:
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6

FIGS. 1A and 1B are circuit schematics illustrating two
exemplary single-port matching configurations that may be
used to facilitate digital implementation 1n accordance with
various embodiments;

FIG. 2A 1s a block diagram illustrating an exemplary
single loop antenna system having a digital circuit that 1s
foamed through shunt feedback 1n accordance with an
embodiment;

FIG. 2B 1s a schematic diagram illustrating an exemplary
clectrical model of the antenna system of FIG. 2A;

FIG. 3 1s a plot illustrating simulated match gain versus
frequency for various load scenarios for the antenna system
of FIG. 2A:;

FIG. 4 1s a block diagram illustrating an exemplary
series-parallel antenna system architecture in accordance
with an embodiment;

FIG. 5 1s a schematic diagram 1llustrating an equivalent
model of the antenna system of FIG. 4;

FIG. 6 1s a schematic diagram illustrating an equivalent
model of another antenna system in accordance with an
embodiment;

FIGS. 7A and 7B are block diagrams illustrating two
multi-port matched antenna system topologies 1n accordance
with embodiments;

FIG. 8 1s a block diagram illustrating an exemplary
adaptive matched antenna system 1n accordance with an
embodiment;

FIG. 9 15 a block diagram 1illustrating another exemplary
adaptive matched antenna system 1n accordance with an
embodiment;

FIG. 10 1s a block diagram illustrating an exemplary
adaptive matched antenna system that 1s capable of 1mple-
menting STAR operation in accordance with an embodi-
ment:; and

FIG. 11 1s a tflow chart illustrating an exemplary method

for adapting an antenna match based on a changing antenna
environment 1 accordance with an embodiment.

DETAILED DESCRIPTION

The present disclosure relates to active matching tech-
niques and systems that may be used to match electrically
small antennas. The term “electrically small antenna™ 1s
normally used to describe an antenna that 1s physically small
with respect to a corresponding frequency of operation. One
definition that has been used 1n the past 1s that an electrically
small antenna 1s an antenna having a maximum dimension
that 1s less than A/2m, where A 1s the free-space wavelength
at a frequency of operation. As will be described 1n greater
detail, active matching techniques are provided herein that
allow electrically small antennas to be matched over a
bandwidth much broader than passive matching and over-
comes limitations of current active matching techniques.
Techniques and systems are also described that allow an
antenna match to adapt to a changing antenna environment.

The circuits, techniques, systems, and concepts described
herein may be used to match both single-port and multi-port
antennas. Some example of single port antennas include
simple or loaded dipoles, monopoles and simple or ferrite-
loaded loops. Some examples of multi-port antennas include
tapped dipoles, monopoles with a driven sleeve or base ring,
loop antennas with multiple coils, and loop antennas with
multiple tap points on the loops. The disclosed techniques
may also be used with multi-element antennas consisting of
both loops and dipoles or monopoles where the elements are
configured to form a vector antenna.
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It has been shown that the reactance of passive networks
always increases monotonically with frequency (see. e.g.,
Foster, R. M., “A Reactance Theorem,” Bell Svstem lech-
nical Journal, vol. 3, no. 2, pp. 259-2677, November 1924).
Because Ronald Foster first proposed this theorem, match-
ing techmques that use circuitry for which the impedance
(reactance) does not increase with increasing frequency have
come to be known as non-Foster matching.

While many of the techniques, systems, and features
described herein are non-Foster in the sense that the active
circuitry connected to the antenna port does not have an
input impedance that increases with frequency, the broad
concepts described herein are not so limited.

In the past, non-Foster matching was predominantly prac-
ticed using analog circuitry. Such circuits were typically
referred to as Negative Impedance Converters (NICs) or
Negative Impedance Inverters (NIIs), depending on circuit
topology. In at least some of the illustrative systems and
techniques described herein, non-Foster matching 1s imple-
mented using a mix of digital and analog processing.

In addition, unlike systems of the past, systems and
techniques of the present disclosure also incorporate ele-
ments of control systems theory, system 1dentification, and
adaptive processing techniques in various embodiments. As
will be described 1n greater detail, the Adaptive Digital
Matching concepts, techniques and systems described
herein, as may be applied to a radio frequency antenna (e.g.,
a non-Foster antenna) or antenna system, for example,
provide added flexibility to a matching network that can be
leveraged to allow enhanced functionality and matching
accuracy. [0060] In various embodiments, the active match-
ing techniques and systems of the present disclosure may
involve one or more of the following concepts: 1. actively
driving circuit nodes with a digital-to-analog converter to
clicit a desired circuit response, (even 1f such response
violates Foster’s reactance theorem for passive circuitry); 2.
sensing a voltage or current at various circuit nodes, filtering
these measurements 1n response-shaping digital filters, and
using these as the source for driving the circuit nodes; 3.
sensing antenna and circuit impedances along with match
quality through the application of a probe wavelorm or
wavelorms; and 4. adapting or modifying digital filters to
optimize an antenna match in real time. The active matching
techniques may be used to match electrically small antennas
as well as other antennas. In some implementations, match-
ing may be implemented where a multiplicity of circuit
nodes are created by the series or parallel combination of
passive components including, for example, resistors,
capacitors, iductors, and/or transformers.

Digital circuit blocks may be used that each include a
cascade of an analog-to-digital converter (ADC), a digital
filter including digital summing circuitry, and a digital-to-
analog converter (DAC). The digital circuit blocks may be
applied to selected circuit nodes in the system. Cross-
connection of digital circuit blocks may also be used where
the signal from one block’s ADC 1s passed through a second
digital filter and applied to a summing block of another
circuit block. In some embodiments, a digital output 1is
created for further processing by digitally filtering and
summing the ADC signals from one or more digital circuit
blocks.

FIGS. 1A and 1B are circuit schematics illustrating two
exemplary single-port non-Foster matching configurations
that may be used to facilitate explaiming digital implemen-
tation 1 accordance with various embodiments. In the
matching configuration of FIG. 1A, a voltage-controlled
current source 10 1s connected 1n parallel with an impedance
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(7) 12. The controlled current source has a transier function
h(s) that generates a current value of h(s)V ,, where V , 1s the
voltage across the impedance Z. The current/voltage rela-
tionship at the input of the matching configuration may be
expressed as follows:

Z
V= 1(1 +h(S)Z)

Given this equation, 1t 1s noted that h(s) determines the
impedance observed; when h(s)=-2/7, the current/voltage
relationship will be V=-71. Thus, the impedance looking
into the input of the matching configuration 1s a negative
impedance -7, which 1s typical for non-Foster circuitry. For
digital matching, a digital filter 1s used to provide the desired
response for h(s).

In the configuration of FIG. 1, a voltage-controlled cur-
rent source 1s used. A voltage-controlled current source 1s a
typical approach to producing a digital-to-analog converter
(DAC). It should be appreciated, however, that a voltage-
controlled voltage source may alternatively be used 1n which
case the mmpedance Z would appear in series with the
voltage-controlled voltage source rather than in parallel with
the voltage-controlled current source. As will be described
in greater detail, 1n various embodiments, digital matching
(including, but not limited to digital non-Foster matching)
may be implemented using digital blocks that include a
digital-to-analog converter (DAC) at an output thereof. As
such, a voltage-controlled current source may be preferable
as 1t 1s more consistent with the typical implementation of a
DAC.

In the matching configuration of FIG. 1B, a voltage-
controlled current source 10 1s again connected in parallel
with an impedance (7) 12. However, this configuration also
includes an mput transformer 14. The current/voltage rela-
tionship at the mput of this configuration is substantially the
same as that described above, except that it 1s scaled by the
transformer turns ratio N as follows:

1 Z
Y (1 n h(s)Z)'

Since DAC outputs are usually ground-referenced, the
incorporation of a transformer provides a matching compo-
nent that 1s floating with respect to ground and can thus be
connected 1n series with other building blocks 1n a matching
circuit.

In the description that follows, the matching of an antenna
system 15 modeled to provide a better understanding of the
power transfer from the antenna and the impact of typical
high frequency (HF) electronics noise sources on matching
performance. FIG. 2A 1s a block diagram illustrating an
exemplary single loop antenna system 20 having a digital
non-Foster circuit that 1s formed through shunt feedback. As
shown, the antenna system 20 includes: an antenna 22, a low
noise amplifier (LNA) 24, an analog-to-digital converter
(ADC) 26, a digital filter 28, and a DAC 30. The antenna 22
may include, for example, an electrically small antenna. The
LNA 24 represents the first electronic component of a
receiver system. The antenna 22 1s to be matched to this first
component. The ADC 26, the digital filter 28, and the DAC
30 together form a *“‘digital non-Foster block.” As will be
described 1n greater detail, these digital non-Foster blocks
may operate as building blocks 1n various adaptive and
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non-adaptive digital matching schemes, e.g., as may be
applied to a radio frequency antenna (e.g., a non-Foster
antenna) or antenna system. In this embodiment, the ADC
26, the digital filter 28, and the DAC 30 form a feedback
loop from an output of the LNA 24 to an mput thereof. In
this manner, the DAC 30 1s able to actively drive the LNA
input node/antenna node 1 a manner designed to elicit a
desired circuit response. The digital filter 28 may be con-
figured to have a filter response (or transter function) h (s)
that 1s designed to achieve the desired circuit response. As
shown, the output of the ADC 26 may be used as the output
of the antenna/LNA pair in, for example, systems that
include digital receivers. It should be appreciated, however,
that the analog output of the LNA 24 may alternatively be
used. As described above, the LNA 24 represents the first
component of a receiver system 1n the 1llustrated embodi-
ment. It should be appreciated, however, that other types of
components may serve as the first component in other
embodiments.

The digital filter 28 can be implemented using any type of
digital processor capable of supporting a requisite process-
ing speed including, for example, a general purpose micro-
processor, a digital signal processor (DSP), a reduced
istruction set computer (RISC), a complex instruction set
computer (CISC), an application specific integrated circuit
(ASIC), a field programmable gate array (FPGA), a pro-
grammable logic array (PLA), a microcontroller, an embed-
ded controller, discrete digital circuitry, and/or others,
including combinations of the above. Any type of digital
filter may be used including, for example, a finite 1mpulse
response (FIR) filter, an infinite impulse response (1IR) filter,
etc. although current implementations favor IIR filters for
their lower group delay relative to FIR filters. Techniques for
designing and configuring digital filters having desired
responses are well known in the art.

FIG. 2B 1s a schematic diagram illustrating an electrical
model 40 of the antenna system 20 of FIG. 2A. A voltage
source 42 represents an open circuit voltage (V) of the
antenna 22. An impedance 44 represents an antenna reac-
tance Z . The antenna reactance 7 1s assumed to consist of
a series combination of the antenna radiation resistance (R ),
the loss resistance (R;), and the antenna reactance (X ). It 1s
noted that this form of antenna model 1s suitable for short
dipoles and loops without a ferrite core. Ferrite core loops
will typically require a more complex antenna model that
incorporates core magnetizing losses and inductance. The
antenna open circuit voltage (V) may be obtained by
multiplying the effective antenna height by the electric field
strength. Voltage terms are shown corresponding to a signal
clectric field strength e . with antenna effective heighth__and
a noise signal field strength €, with antenna eflective height
h_. As 1s well known, eflective antenna heights, antenna
radiation resistance, and antenna loss resistance are typically
specific to different antenna configurations.

The impedance 46 1n the model 40 of FIG. 2B represents
a load resistance Z,. The load resistance 7, primarily
includes the imput impedance of the LNA 24 (or another first
component of the receive chain). A voltage source 48 1n the
model 40 represents the input noise voltage of the LNA 24
which 1s typically depicted 1n series with the amplifier input.
A current source 50 represents the controlled current source
(1,) of the digital block (which in some 1llustrative embodi-
ments may be provided as a digital non-Foster block). A
current source 52 represents two noise current sources that
are combined into a single source labeled (3,,). The two
sources are the current noise of the mput amplifier (LNA)
and the current noise of the controlled current source 50. An
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impedance 54 represents an output impedance (Z,) of the
controlled current source. The model 40 assumes that the
gain of the LNA 1s high enough to 1gnore noise sources that
occur after the LNA 24 in the receiver.

In the model 40 of FIG. 2B, the output voltage (V) of the
system 1s across the load impedance Z, 46. The output
voltage of the antenna 1s labeled V,. The output voltage
(V) can be derived by first writing a loop equation for the
loop having current I, as follows:

V=21 +VT

Next, the summation of currents for the V. node 1s written:

VD VT .

Z; 4,

1

The current of the controller current source 50 1s I =h_(s)V,,.
The antenna output voltage 1s V.=V ,+¢, ;. For purposes of
convenience, 1n the description that follows the reliance of
functions on the parameter S will not be shown unless
needed. Solving the above equations for V, results 1n:

)

bipZa + EnL(l + —]

Y Va Lp
0= Z(Z, +7;) 7 (Z, +7
l +h,Z, p+21) +h,Z, + p +21)
7,71 7,7

This equation can be split into signal and noise terms by
noting that V_=h__ e+h_ e E. The resulting equation 1s:

. Zg
hoE. inpZa + EnL(l + Z_] —h,, E,

V, = - il
0 7 7.+ 7 AVAEY
L+ h,Z, + Lp +21) 1+ h,Z, + p +21)
ZpZL ZpZL

The terms on the right side of this equation correspond to the
signal and noise, respectively. Ignoring noise, it 1s noted that
the maximum signal power transfer from the antenna to the
circuit occurs when V.=V ,/2=h_e€ /2. This occurs when:

v VH hESES

= — = . Or

) 2

i (ZGZL - ZaZp - ZGZL)
& ZaZ,7,

The signal-to-noise ratio (SNR ) can now be calculated as the
ratio of the square of the signal voltage to the sum of the

squares of the voltages due to each of the noise sources. This
results 1n:

s * 1 E 7
(Za +Zp)

Zp

SNR;, =

2
(lZalzlfnplz + |€}’1L|2 + |hEH|2|EH|2]

The antenna system 20 of FIG. 2A was simulated 1n
Matlab for a 30 cm total length top-hat loaded dipole with

an ADC, digital filter, and DAC clocked at 250 MHz. To
determine the digital filter response, the analog transfer
function was calculated per the previous expression for
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maximum power transfer and a bilinear transformation was
applied. The resulting closed loop matching was found to
have barely suflicient phase margin as the frequency
approached half the sampling frequency. An additional pole
at 120 MHz was itroduced to roll ofl the response of the
digital filter at higher frequencies and ensure stability. The
digital filter that resulted may be expressed as follows:

(z+0.4115)(z + 1)°
(74 1)*(z2 + 0.7688z + 0.9759)

H(z) =0.019445

There are many approaches to converting analog filter
responses to digital filters (e.g., Discrete-Time Signal Pro-
cessing, A. Oppenheim, R. Schatfer, Prentice Hall, 1989), the
bilinear transformation being just one of them. Alternatively,
the transier function response can be accomplished in the
sampled data domain using direct synthesis of the digital
filters and a digital model of the system created using the
probe wavetorm. Such digital design 1s common 1n digital
control.

FIG. 3 1s a plot illustrating simulated match gain versus
frequency for various load scenarios. The match gain 1s the
gain between Iree-space reception of the antenna and the
load. The plot includes three curves. Curve 60 corresponds
to a digital load (e.g. a digital non-Foster based load). Curve
62 corresponds to a relatively high, fixed load resistance of
1000 ohms. Curve 64 corresponds to a load resistance of 20
Ohms that 1s resonated with a series inductor at 10 MHz. The
above-derived digital filter assumed the radiation resistance
was constant with frequency, but the simulation calculated
the radiation resistance with frequency. This induced a small
loss relative to i1deal, but with radiation resistances being
much less than an ohm, it 1s likely realistic.

The digital filter has a multiplicity of poles and zeros that
are within five significant digits of -1 (i.e. the (z+1) terms
in the above equation). In actual practice, this transfer
function would be simplified. However, for purposes of this
analysis, the filter response was not simplified other than to
ensure that the filter was stable.

Because the dipole 1s short, the radiation resistance 1s very
low across the frequency band of interest and the peak of the
resonated response 64 does not approach zero. The mis-
match between the antenna radiation resistance and the
tuned load could have been improved at resonance. How-
ever, based on Fano’s network theorem, the bandwidth could
not have been significantly improved.

It 1s noted that the SNR at the load for this circuit topology
does not depend on the filter response h,. Thus, the power
transfer from the antenna can be maximized, but with no
impact on the resulting SNR. This 1s because the circuit
topology chosen 1s reducible by a series of Norton and
Thevenin transforms to a single loop and maximizing signal
power 1n the single loop also maximizes noise power.
Alternative circuit topologies exist where the output SNR 1s
a function of the filter response. Some of these topologies
are described below.

While the topology of FIG. 2A does not overcome the
noise figure 1impact of the antenna source impedance and
load voltage divider, there are still potential benefits of this
topology. One benefit 1s that the circuit equalizes the signal
voltage across frequency. This can reduce the dynamic range
required 1n the ADC. A second benefit relates to application
in a simultaneous transmit and receive (STAR) based sys-
tem. One such STAR application i1s described below.
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FIG. 4 1s a block diagram illustrating an exemplary
series-parallel antenna system architecture 70 in accordance
with an embodiment. FIG. 5 1s a schematic diagram 1illus-
trating an equivalent model 90 of the antenna system 70 of
FIG. 4. This architecture was chosen because 1t implements
a non-Foster matching topology that 1s commonly pub-
lished. The system includes an ideal transformer 72 that
provides a series non-Foster element as well as shunt
teedback that provides a parallel non-Foster reactance to the
load. 7Z_ 1s the series feedback resistance which would
ideally, but not practically, be equal to zero after reflection
from the secondary to the primary of the i1deal transformer.
V_ 1s the Thevenin equivalent of the series current source
alter passing through the i1deal transformer. In the stmplified
block diagram of FIG. §, the transformer turns ratio is not
written explicitly since i1t can be subsumed 1nto scaling of Z
h (S), and ¢, . It should be appreciated that the parallel filter
h (S) and the series filter h (S) may be replaced with their
/-transform equivalents.

In the model 90 of FIG. 5, a simplified noise model 1s
used. That 1s, only an imnput noise voltage ¢, _1s shown for the
series component and the 1, term of the typical v, -1, model
for RF amplifiers has been merged mnto the DAC current
noise term, 1,,. It necessary, this term can be expanded into
terms corresponding to the RF amplifier input and to the

DAC output current noise.
The output voltage (V) in the model 90 of FIG. 5 can be

derived by first writing the loop equation for the loop with
current I, as follows:

V=L +Z)M +V AV +e +e o

The summation of currents at the V,; node may then be
written as:

VD VD + &1

/r Z,

f =

+ 1 + by,

In addition, the current of the controller current source 1s
I,=h V, and the voltage V. 1s:
Ve=heZV=hZ 1.

Solving for V, results in:

. ) hiZ: Z, Z,
bp (s Zy + Zs + 25) + €y, + —+— +1|+e,
v Va Zp ZP ZP
K K
where,
h7>(Z; + 7)) (Z. + ZNZ, + Zf)
K=1+ 522 b (Za+Z)+ hshyZ2 + A
77, 7,7

By examination of the above equations, 1t 1s clear that
since h, appears equally in the denominator of both signal
and noise terms through the term K, it will not change the
output SNR. Rather, the degrees of freedom are in selection
of the circuit impedances and h,. If h, 1s set to zero and Z,
goes to infinity, the output voltage 1s:

by (M ZE + Z + Z3) + €y + €y
KJ'

Va

=

Vo
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where,

hZ:  (Zy+7Z)
+ .
Zr Zr

K' =1+

The term 1,, 1n this equation corresponds just to the input
noise current of an RF amplifier since the shunt feedback has
been deleted. This noise can be affected by the choice of h..
However, the SNR 1s maximized when h_ and Z_ are zero,
which 1s equivalent to removing the series feedback entirely.
This reverts back to the equivalent circuit of FIG. 2B, thus
demonstrating that this circuit topology also has msuthicient
tuning capability 1n spite of 1ts common appearance in
analog-only matching to improve the SNR (e.g. analog-only
non-Foster matching to improve the SNR). However, as
noted earlier, maximizing SNR 1s just one of a number of
potential benefits and the advantage of this particular topol-
ogy, as discussed later, include suppression of local inter-
ference sources and as noted earlier, the equalization of the
frequency response to minimize the dynamic range neces-
sary from the receive ADC.

FIG. 6 1s a model of a more complicated antenna system
topology than the one of FIG. 4. This topology has similarity
to the noise canceling topologies recently proposed for radio

frequency amplifiers (see, e.g., Bruccolen1 et al., “Wide-
Band CMOS Low-Noise Amplifier Exploiting Thermal
Noise Canceling,” IEEE J. Solid-State Circuits, Vol. 39, No.
2, February 2004; Zhu et al., “A DC-9.5 GHz Noise Can-
celing Distributed LNA 1n 65 nm CMOS,” 2013 IEEE Radio
Frequency Integrated Circuits Symposium; and Blaakmeer
et al., “Wideband Balun-LNA With Simultaneous Output
Balancing, Noise-Canceling and Distortion-Canceling,”
IEEE J. Solid-State Circuits, vol. 43, no. 6, pp. 1341-1350,
June 2008). The relevant equations may be written as
follows:

V., - Vr =17,
IH:fl+12
|4 Vi+e,
flz—l+h111”1+h121”2+( : l)+!I'Ml
Z pl
V Vo + ¢,
12:—2+h221’12+h21vl+( - 2)+fﬂg
V) Zp?

VT = Vl + €, +J’125 = Vg + &,0 +IZZC

V, =aV; +5V2

The expressions derived for the SNR and voltage at the
output of the model are non-linear functions of h,,, h,,, h,;,
and h,,. The expressions for the sensed voltages are:

ol
K
(en1 (Z1(£o(Zo(ZpahinZp) +id(Zp + 2o + 2 )+ L)+ 2 + Zo + 2,1) +
(Zp + Zp N ZeZpp + 2.+ Z0)) +
L2 (La(Zlp + 2L+ Zp1) + 2 (Zp + Zp1))) —
en2((L1Z2p1 (h1220(Zo(Zpy + 2o + Zp2) + Zp(Ze + Z52)) +

Zalpp (N2 Z2 + 1)) +
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-continued
in1 (21 Zp) (Lo Zg(hop Zpp(Zpy + Zo) + Zp + 2o + L 0) +

Zb (hZZZﬂZPZ + Zt: + ZpZ)) + Zp? (Za (Zb + Zt:) + Zch:))) -
2 (2120 201 L n (2, (R 2(Zp + Z) — 1) + h2 4 2 ) —

Vo (21 L1 (Lo (= (M2 2pZp2) + honZeZpp + 2o + Zp2) + £ Z12))

and,

Vo= (g )men @2 2zt za 4 1) +
o1 2y (Lg(Lp + 2 + Zp1) + 2o (Zp + Zp1)))) +
e (Lo Ly (L (L1 Zpp(Byy + by ) + 1 4pZp) + 1 22y + 2 +
Lo+ Ly + L)+ (Lo + sz)(h“Zprl + 2y +2Zp1)) +
Lo\ (Zo(Zp + Lo+ Zpp) + Zp(Ze + Z2)))) —
in (2122251 L2 (221 (Zp + Zc) — 1) + B0y 4 Z)) +
in2(LpLpp (L1 (Zg(h11 Zp) (Lp + Ze) + Zp + 2. + 21 ) +
LehnpZp) + 2y + 25)) + 2, (Z,(Zp + 20) + 220 ))) —

V(2o Zop(Z1(h1 ZpZ ) — Pp1 ZeZpy + 2y + 251) + 2 251))

where,

K =—7,(Z12,2(Zy(Zp1(h11 + hpp + hp1) + Ao (A12p1 (Zp + Zc) +
Zp + 2+ 2p1) —hiohaZp(Zp +Z:)+ 1) +
hZp(Zp +Z )+ Zp + 2.+ 2,1 ) +
L1 h 2oy +Z2)+ 2y + 2.+ 2,1 ) +
Lol (Mo Zpp(Zpy + 2 )+ 2y + 2+ Z0) +
L1 Lp2(Zp + 2;)) —
2L L (Lp(Zp1 (i1 haoZe + By — hiohoi Zo) + hpoZo + 1) +
hopZeZoy +Z51) +
Ll ZpZlp) +Zp +251) + 220 (A1 22 +2p +251) —

Lplp1(Lo(hZeZpp + 2+ Z0) + 2.7 7).

Because 1t 1s likely that an actual implementation of the

system 1n FIG. 6 will have large 7, and p,,, relative to Z,
and 7., 1t 1s useful to see what the above equations become
when 7 , and Z , are negligible. The same equations dis-
cussed above have again been solved with Z =/ ,=c and
the solutions are given below for a more simplified view of

the system operation.

1
v, = (E](—enl(zl (ZohiaZy + hon(Zo + Z) + 1)+ Z, + Z,)) +

e (L1 (Zo(Lo(hyp + hp) + 1)+ h12 25 7,)) —
in) (L1 (o(hp Z(Zy + Zp) + hpp 2oy + 2, + 2p) + Z2,( 4y + Z) +
Lple)) + ipp (21 25 (Z(ha(Zp + 2:) = 1) + hyaZp 2.)) +
VoL (hooZoZe — M2 2o 2y + 20 + Z.)))
|
V; = (E](enl (Zo(Z1Zy(hiy + hay) + honZ, Ze + Z,))

e (Lo(Ly(hy (Lo +2p) + o Zo + 1)+ 2, + 23,)) +
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-continued
in (£ £ (Zo(ho) (Zp + Z.) — 1) + oy 44,2, ) —

in2(Zo(Ze(Zy (B (Lo + Zp) + )+ 2, + Zp) +
Zo(hn 22y + 2y + Zp))) +
ValZo(hi1 212y — 21 21 2 + 2y + 7))
k= Z1(Lp(h1(hooZe(Zg + Zp) + honZo Zp + 2o + 7p) —
hio(ho1 Z2e(Za + Zp) + Zo(h1 Zp — 1)) + Z, (o) + Fa2) +
onZe + 1)+ 1 Z(Zy +2p) + 01 Loy + 2, + Z2) +

Lo(hpZ(Zg +2Zp) + 2oy + 25 + Zp) + 22, + 2p) + 252

From the simplified equations above, suflicient freedom
exists 1n the values of the transtfer functions h,,, h,,, h,,, and
h,, to optimize the overall response to achieve specific
performance. In that optimization, the {filter coeflicients,
coupling impedances, and load impedances are free func-
tions.

To 1llustrate the optimization surface, point solutions have
been tried. One example 1s the following solution that 1s
intended to limit voltage noise. The following multiplier of
the direct ¢, ; term was set to 0.3:

Zl (Zz(k 122a+k22(za+zc)+1)+Za+zc):0'5!
and the cross-coupled noise voltage ¢, ., was set to zero:
Z(Z Ly N othyo)+1)+h 5 252,)=0.0.

The resulting filters and output voltage were then solved
tor with Z,=7.,=7 ({or simplification). The resulting filters
are:

_ (22,2° - Z,)
(2 Zy +2Z )7 + 277 )N72°

P

and.,

NZy + Z)Z5 + (22, + Z ) + 272,207 — 7y, — 7,
((2Zp + 22072, + 27Z,7,) 77

fap =

With the result that:

1 | |
Vi = (5 Joem = e + 20 = hZa 4 Vo
and.,

(h“Zb +Z,g(h11 +h21)+1)Z+Zh + 7, L+ Ly + 7,

K A7 47

1y 1 191 =0

The noise figure impact of the voltage division inherent 1n
antenna matching has been overcome and the SNR con-
tained 1n the electric field sensed by the antenna has been
preserved. There 1s no idication of a significant increase in
noise due to LNA-related noise sources as was apparent in
the first single-loop example.

Up to this point, the antenna has been treated as a simple
one-port device. Chu’s limit on bandwidth-efliciency
assumes a single port device. In some embodiments, the
above-described techmiques are extended to multi-port
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antennas and, in particular, multi-port antennas with active
teedback. FIGS. 7A and 7B are block diagrams illustrating
two multi-port antenna topologies that may be used in
accordance with embodiments. In 1mplementing these
topologies, the impact of the feedback on nearby electric or
magnetic fields, 11 any, will have to be considered as this 1s
likely to change the impedance that the antenna presents to
free space propagation. In analog electronic circuits, these
topologies would typically be referred to as bootstrap cir-
cuitry with feedback gain of slightly less than one. In this
case, the feedback can be shaped as a function of frequency
and these circuits are much more general than the typical
bootstrap approaches. This multi-port antenna approach can
allow the feedback loop to be completed through the antenna
structure by summing electric field or magnetic flux rather
than voltage or current at the mput of the LNA. In some
embodiments, this can improve overall system performance
by allowing the multi-port antenna to be dual purpose as
both the antenna element and feedback-summing network.
Additionally, with multiple driven feedback ports, multi-
loop feedback can be implemented 1n a hybrid analog/digital
fashion.

FIG. 7B illustrates an arrangement where an antenna
structure includes two windings on a ferrite rod (which 1s a
typical electrically small antenna used at HF). Each winding
forms a port of the antenna. The two windings share
magnetic flux 1n a manner that forms a summing junction for
the feedback. Additional windings may be added to form
further feedback loops. Similarly, FIG. 7A illustrates the
dual of the arrangement 1n FIG. 7B. That 1s, FIG. 7A shows
a distributed capacitive coupling topology that has the effect
of summing electric fields rather than magnetic flux.

It the discussion above, various structures and concepts
have been presented 1n the context of single-ended circuits
and antenna elements. It should be appreciated that these
structures and concepts may also be implemented as bal-
anced circuits with amplifiers on each arm and cross cou-
pling between them. Further, 1t should be appreciated that, in
some embodiments, a ferrite loop antenna may incorporate
one or more inductance reduction approaches such as those
that are currently used imm Low-Frequency (LF) receive
antennas (see, €.g., Spears et al., “Loop Antenna Comprising
Plural Helical Coils on Closed Magnetic Core,” U.S. Pat.
No. 3,495,264 ; and Sontheimer et al., “Reception of Signals
on a Loop Antenna,” U.S. Pat. No. 2,375,593).

The ADCs and DACSs 1n the systems described above are
sampled components that have inherent bandwidth limita-
tions. Associated with this sampling 1s an iherent delay
both 1n these interface chips and 1n the digital filters that are
used to shape the response. It 1s expected that the operating
band can be extended beyond the limits of current ADC,
DAC, and digital filter technology using the following
techniques. The ADC and DAC can be operated in a
sub-sampling mode. The resulting matching could then
occur 1n Nyquist zones beyond the first zone. Operating 1n
sub-sampling mode could be enhanced by the sub-sampling
ADCs and DACs operating with direct I/QQ sampling where
multiple devices are operated in quadrature relative to the
operating Irequency. Downconversion of the RF signals
betore sampling by the ADC and upconversion aiter being
output by the DAC will also potentially allow extending the
operating band. However, the band limiting filters inherent
in today’s implementation of this mixer approach are likely
to limit the benefit.

Sampling and digital filter delays add a phase shiit that
becomes progressively worse as the operating frequency
increases. The phase shift can impair stability and prevent an
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improved match. One method of mitigating this phase shiit
1s to modily the feedback filters. In digital signal processing
terms, one modification may be to use a prediction filter in
the feedback. Signals received by most antennas are quite
structured. The spectral distribution of energy imparts tem-
poral correlation that can be exploited in the filter.

In some implementations, matched antennas are provided
that are capable of adapting to changing conditions 1n an
environment about the antenna. To be responsive, some
mechanism 1s needed to allow the system state to be
observed so that the digital filters can be controllably
adapted. To facilitate observation, 1n some 1implementations,
a known probing waveform may be introduced into the
digital matching circuitry. The probing (or excitation) wave-
form may be added 1nto, for example, the summing circuitry
ol one or more circuit blocks. The response of the antenna
and matching circuits to the known waveforms may then be
sensed. A master control block 1s provided in some embodi-
ments that observes the known excitation wavelorm signals
sensed by the circuit blocks (e.g. sensed by the non-Foster
circuit blocks), infers the circuit and antenna model from
those observations, and adjusts the coeflicients of the digital
filters to achueve a desired result. The desired result may
include, for example, maximum power transier, maximum
signal-to-noise ratio, suppression of undesired receive sig-
nals, suppression of undesired non-linear circuit responses,
and/or others. The known excitation waveform may be
cither an independently generated signal or a low-level
modulation of a signal observed by any particular circuit
block. The circuit response identified using the excitation
wavelorm may include a linear response, a non-linear
response, or a combination of both linear and nonlinear
terms.

FIG. 8 1s a block diagram illustrating an exemplary
adaptive matched antenna system 100 that uses a probing
waveform 1n accordance with an embodiment. As 1llustrated,
the antenna system 100 1s similar to the antenna system 20
of FIG. 2A. However, a probe wavetorm port 102 (or a
probe waveform generator) has been added to receive (or
generate) a probe wavelorm that may be used to observe a
current state of the match. The probe waveform port 102 1s
coupled to an mput of a summation device 104 that allows
the probe waveform to be superimposed on the output signal
of the digital filter 28. As will be described 1n greater detail,
the superimposed probe wavetorm will be converted to an
analog format in the DAC 30 and thereaiter be applied to the
input of the LNA 24. A corresponding response of the LNA
24 and antenna 22 to the probe wavetform may be used as an
indication of the current antenna match. A switch 106 1is
shown 1 FIG. 8 to indicate that the probe wavelorm
generator may be controllably activated and deactivated
within the system 100 in some implementations. In this
example, a system ID block 108 1s provided to adaptively
determine the optimal feedback transier function 28. The
system ID block 28 would monitor the measured signal
through ADC 26 and compare 1t to the probe wavetorm to
determine how the antenna element and digital feedback
(e.g. digital non-Foster feedback) altered the probe wave-
form. In this manner the system i1s effectively measuring the
antenna and receiver impedance and calculating the optimal
teedback transfer function 28, thus implementing an adap-
tive equalizer. Different optimization rules can be imple-
mented depending on the role of the system.

In different implementations, the probing waveform may
take a different forms. In one approach, for example, a
relatively high level signal that covers the entire band of
interest may be periodically mserted as the probing wave-
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form. The circuit and antenna response may then be
observed and a system model created that can be used to
modily the filter(s). This approach has the advantage that the
signal can be large to provide high dynamic range 1n a small
period of time. However, a drawback 1s that there could be
some radiation from the antenna as a result of a moderately
high level probing signal. Since the probe wavelorm 1s high
level, 1t will also appear in the receiver output and that
section of data might be unusable.

In an alternative approach, a probe wavetform may be used
that 1s active continuously. Such a wavelorm can be of a
much lower level. Since the waveform 1s known, the obser-
vation can be over a long time period to increase the probe
SNR. If the signal 1s small enough, 1t can be 1gnored at the
output. If larger, then the response of the circuit to the probe
wavelorm 1s already being estimated in the System ID block
and can be removed as 1n the following paragraph.

FIG. 9 15 a block diagram 1illustrating another exemplary
adaptive matched antenna system 120 that uses a probing
wavelorm 1n accordance with an embodiment. In the system
10 of FIG. 8, the circuit response to the probing wavelform
was used to determine the matching filter. In the system 120
of FIG. 9, on the other hand, a compensation filter 122 1s
calculated and applied to the probe wavetorm. The result 1s
then subtracted from the output data stream 1n a summation
device 124.

FIG. 10 1s a block diagram illustrating an exemplary
adaptive matched antenna system 130 that 1s capable of
STAR operation 1n accordance with an embodiment. As
shown, the system 130 includes a probe wavetform iput 132
and a compensation {iler 134 that are similar to those shown
in FIG. 9. In addition, the antenna system 130 includes an
input 136 to receive interference samples. A digital filter 138
may be provided to process the interference samples before
they are superimposed on the output signal of matching filter
140 by summation device 142. Another digital filter 144 may
also be provided to process the interference samples for
purposes ol subtracting the effect of the interference samples
from the output signal of the system 130 (1n summation unit
146). As shown 1n FIG. 10, a master control block 160 may
be provided to observe the known excitation waveform
signals sensed by the circuit blocks (e.g. non-Foster circuit
blocks), infer the circuit and antenna model from those
observations, and adjust the coeflicients of the digital filters
to achieve a desired result. The desired result can include,
for example, maximum power transier, maximum SNR,
suppression of undesired received signals, suppression of
undesired non-linear circuit responses, and or others.

The iterference samples may be representative of data
signals that are transmitted from a nearby (e.g., collocated,
ctc.) RF transmitter. Because the interference 1s seli-gener-
ated, a digital copy of the transmitted signals may be
available for use. The interference samples are digitally
filtered 1n the filter 138, where the response 1s shaped to
ensure that the interfering signals are subtracted from the
analog signal being received, before the signal 1s amplified
in the LNA 148. A second level of suppression of the locally
generated interference may be provided digitally through the
filter 144. The design of filters to null interference from
digital data streams 1s well known (see, e.g. Adaptive Filter
Theory, St mon Haykin, Prentice Hall 1986) and, therefore,
will not be discussed further. Because the system 130 1s
capable of suppressing locally generated signals, it has
application 1n STAR-based systems.

FIG. 11 1s a flow diagram 1illustrating an exemplary
process 180 for adapting an antenna match based on a
changing antenna environment in accordance with an
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embodiment. The process may be used with electrically
small antennas as well as other antennas.

The rectangular elements (typified by element 182 1n FIG.
11) are herein denoted “processing blocks™ and may repre-
sent computer software instructions or groups of instruc-
tions. It should be noted that the tlow diagram of FIG. 11
represents one exemplary embodiment of a design described
herein and variations 1n such a diagram, which generally
tollow the process outlined, are considered to be within the
scope ol the concepts, systems, and techniques described
and claimed herein.

Alternatively, the processing blocks may represent opera-
tions performed by functionally equivalent circuits such as
a digital signal processor (DSP) circuit, an application
specific mtegrated circuit (ASIC), or a field programmable
gate array (FPGA). The flow diagram does not depict the
syntax of any particular programming language. Rather, the
flow diagram illustrates the functional mmformation one of
ordinary skill 1in the art requires to fabricate circuits and/or
to generate computer software to perform the processing
required of the particular apparatus. It should be noted that
many routine program elements, such as initialization of
loops and variables and the use of temporary variables are
not shown. It will be appreciated by those of ordinary skall
in the art that unless otherwise indicated herein, the particu-
lar sequence described 1s 1llustrative only and can be varied
without departing from the spirit of the concepts described
and/or claimed herein. Thus, unless otherwise stated, the
actions described below are unordered meaning that, when
possible, the sequence shown 1n FIG. 1 can be performed in
any convenient or desirable order.

The adaptation process 180 of FIG. 11 1s implemented in
an antenna system that uses digital non-Foster matching to
achieve an antenna match. As such, the antenna system
includes at least one digital non-Foster block to provide
teedback to a node associated with an antenna. The antenna
system may be operating within a changing environment
that can 1mpact the matching between an antenna and
another circuit component in the system (e.g., an LNA, etc.).
To determine whether changes have occurred in the match
(1.e., whether the match has degraded), a known probe
wavelorm 1s superimposed on a feedback signal in the
system to determine a state of the match (block 182). A
response of the antenna and/or circuit component to the
probe wavetorm 1s monitored (block 184). A transier func-
tion associated with at least one digital non-Foster circuit
block of the antenna system may then be modified based on
the response of the antenna and/or circuit component to the
probe wavetorm (block 186). The modification of the trans-
fer function(s) may be performed to maintain a desired
matching result over time, such as, for example, achieving
maximum (or near maximum) power transier, achieving
maximum (or near maximum) SNR, suppressing undesired
receive signals, suppressing undesired non-linear circuit
responses, etc. The process may be performed repeatedly or
continuously 1n the system to maintain the desired match 1n
changing environmental conditions.

Although described above 1n the context of HF systems,
it should be appreciated that many of the concepts, features,
and benefits described herein are applicable 1n a wide varniety
of different frequency ranges and are not limited to any
particular frequency range or ranges. In addition, although
described above 1n the context of providing a match for an
clectrically small antenna, 1t should be appreciated that
techniques and structures described herein also have appli-
cation with antennas that are not electrically small. Further-
more, although described above predominantly in the con-
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text of receiver systems, 1t should be appreciated that the
various techmques and structures of the present disclosure
may also be used to match transmit antennas or combination
transmit/receive antennas.

Elements of diflerent embodiments described herein may
be combined to form other embodiments not specifically set
forth above. Various elements, which are described in the
context of a single embodiment, may also be provided
separately or in any suitable subcombination. Other embodi-
ments not specifically described herein are also within the
scope of the following claims.

Having described exemplary embodiments of the mmven-
tion, 1t will now become apparent to one of ordinary skill in
the art that other embodiments incorporating their concepts
may also be used. The embodiments contained herein should
not be limited to disclosed embodiments but rather should be
limited only by the spirit and scope of the appended claims.
All publications and references cited herein are expressly
incorporated herein by reference 1n their entirety.

What 1s claimed 1s:

1. An antenna system, comprising:

an antenna;,

recerver circuitry to process signals received by the

antenna, the receiver circuitry including a first elec-
tronic component having an mput coupled to a port of
the antenna; and

matching circuitry to tune a transier function between the

antenna and the first electronic component, the match-

ing circuitry including a digital circuit block to 1imple-

ment matching, the digital circuit block being coupled

to provide feedback to the port of the antenna, wherein

the digital circuit block includes:

an analog-to-digital converter (ADC) to convert a
sensed analog mput signal to a digital output signal;

a digital processor to process the digital output signal of
the ADC 1n accordance with a transfer function
associated with a matching scheme; and

a digital-to-analog converter (DAC) to convert a digital
output signal of the digital processor to an analog
signal.

2. The antenna system of claim 1, wherein:

the ADC of the digital circuit block samples a signal on

a node of the receiver circuitry after the first electronic
component; and

the DAC of the digital circuit block injects an analog

signal at the input of the first electronic component.

3. The antenna system of claim 1, wherein:

the matching circuitry includes multiple digital circuit

blocks, wherein each of the multiple digital circuit
blocks implements a diflerent transfer function within
a corresponding digital processor and provides feed-
back to the antenna port by a different mechanism.

4. The antenna system of claim 1, wherein:

the matching circuitry includes at least two digital circuit

blocks that are cross coupled with one another 1n a
manner that combines different sensing modes with
different feedback mechanisms.

5. The antenna system of claim 1, wherein:

the matching circuitry 1s configured to adapt to a changing

environment around the antenna to tune the transfer
function between the antenna and the first electronic
component.

6. The antenna system of claim 5, wherein the matching
circuitry further comprises:

a wavelorm source for imparting a probe waveform to a

node associated with the first electronic component and
the antenna; and
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a monitor for monitoring a response of the first electronic
component and/or the antenna to the probe wavetorm.

7. The antenna system of claim 6, wherein the matching
circuitry further comprises:

a system model generator to generate a system model
based on the response of the first electronic component
and/or the antenna to the probe waveform; and

a filter modification unit to modify the transfer function
associated with the digital non-Foster circuit block
based, at least in part, on the system model.

8. The antenna system of claim 7, wherein the system

model 1s a linear model.

9. The antenna system of claim 7, wherein the system
model includes both linear and non-linear responses.

10. The antenna system of claim 7, wherein the transfer
function 1s used to maximize signal to noise ratio at an
antenna system output port.

11. The antenna system of claim 7, wherein the transfer
function 1s used to minimize signal distortion at an antenna
system output port.

12. The antenna system of claim 6, wherein the matching
circuitry further comprises:

a system model generator to generate a system model
based on the response of the antenna and/or first
clectronic component to the probe wavetorm;

a compensation filter of the probe wavelorm to generate
an output signal representative of a response of the
antenna and first electronic component to the probe
wavelorm; and

a diflerence unit to subtract the signal representative of the
probe wavelorm response from an output signal of the
first electronic component.

13. The antenna system of claim 6, further comprising

means to activate and deactivate the waveform source.

14. The antenna system of claim 6, wherein:

the wavelorm source i1s configured to generate a probe
wavelorm having a bandwidth that encompasses an
operational bandwidth of the antenna system.

15. The antenna system of claim 6, wherein:

the wavelorm source i1s configured to generate a probe
wavelorm having a relatively high signal level and a
short duration.

16. The antenna system of claim 6, wherein:

the waveform source i1s configured to generate a probe

wavelorm having a relatively low signal level that 1s
continuously applied to the node during antenna opera-
tion.

17. The antenna system of claim 1, wherein:

the ADC and the DAC are configured to operate 1 a

sub-sampling mode and the matching circuitry 1s con-
figured to perform matching operations i Nyquist
zones greater than a first Nyquist zone.

18. The antenna system of claim 1, wherein:

the digital processor 1s programmed with instructions to

process the digital output signal of the ADC 1n accor-
dance with a transfer function associated with a match-
ing scheme.

19. The antenna system of claim 18, wherein the mnstruc-
tions to process the digital output 1 accordance with a
transfer function that include at least one of a maximum
power transier (non-Foster), maximum signal-to-noise ratio,
maximum dynamic range, and/or other matching schemes
and transfer functions that can be adaptively, controllably
programmed with precise tolerances beyond those inherent
with an analog-based matching scheme.

10

15

20

25

30

35

40

45

50

55

60

65

22

20. The antenna system of claim 1, wherein:

the matching circuitry includes multiple digital non-Fos-
ter circuit blocks, wherein each of the multiple digital
non-Foster circuit blocks implements a diflerent trans-
fer function within a corresponding digital processor
and provides feedback to the antenna port by a different
mechanism.

21. The antenna system of claim 1, wherein:

the matching circuitry includes at least two digital non-
Foster circuit blocks that are cross coupled with one
another 1n a manner that combines different sensing
modes with different feedback mechanisms.

22. The antenna system of claim 21, wherein the matching,

circuitry further comprises:

a system model generator to generate a system model
based on the response of the first electronic component
and/or the antenna to the probe waveform; and

a filter modification umt to modily the transfer function
associated with the digital non-Foster circuit block
based, at least 1n part, on the system model.

23. The antenna system of claim 22, wherein the system

model imncludes one or more of:

a linear model;

both linear and non-linear responses.

24. The antenna system of claim 22, wherein the transfer
function operates to perform at least one of: increasing
signal to noise ratio at an antenna system output port; and
reducing signal distortion at an antenna system output port.

25. A method for tuning a transfer function between an
antenna and an electronic component, the method compris-
ng:

sampling and digitizing a signal at a circuit node 1n an
antenna system having an antenna coupled to a first
clectronic component;

filtering the digitized signal 1n a digital filter to generate
a filtered digital signal;

converting the filtered digital signal to an analog signal
and feeding the analog signal back to a node associated
with the antenna, wherein the digital filter includes a
transier function that is designed to provide non-Foster
matching between the antenna and the first electronic
component;

superimposing a probe waveform onto the analog signal
that 1s fed back to the node associated with the antenna;

monitoring a response ol the antenna and/or the first
clectronic component to the probe wavetform; and

moditying the transier function of the digital filter based
on the response of the antenna and/or the first electronic

component to the probe wavetform to maintain a desired
condition between the antenna and the first electronic
component when an environment about the antenna 1s
changing.

26. The method of claim 25, further comprising:
continually repeating superimposing, monitoring, and
modifying during operation of the antenna system.

27. The method of claim 25, wherein:

superimposing includes adding a digital version of the
probe waveform to the filtered digital signal before
converting the filtered digital signal to an analog signal.

28. The method of claim 25, wherein:

the transfer function of the digital filter 1s computed 1n
accordance with one of the following goals: optimizing
power transfer, optimizing SNR, suppressing undesired
receive signals, and suppressing undesired non-linear
circuit responses.
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29. The method of claim 25, wherein:
the digital filter includes a first digital filter and the filtered
digital signal includes a first filtered digital signal; and

the method further comprises:
filtering the digitized signal in a second digital filter to
generate a second filtered digital signal; and
converting the second filtered digital signal to a second
analog signal and feeding the second analog signal
back to a node associated with the antenna, wherein
the second digital filter includes a second transfer
function that 1s designed to provide non-Foster
matching between the antenna and the first electronic
component.
30. The method of claim 25, wherein:
the circuit node in the antenna system includes a first
circuit node; and
the method further comprises:
sampling and digitizing a second signal at a second
circuit node in the antenna system to generate a
second digitized signal;
filtering the second digitized signal 1n a second digital
filter to generate a second filtered digital signal; and
converting the second filtered digital signal to a second
analog signal and feeding the second analog signal
back to the same or a diflerent node associated with
the antenna, wherein the second digital filter includes
a second transfer function that 1s designed to provide
non-Foster transfer function tuning between the
antenna and the first electronic component.
31. An antenna system, comprising;:
a multiport antenna;
receiver circuitry to process signals received by the mul-
tiport antenna, the receiver circuitry including a first
clectronic component having an input coupled to one or
more ports of the antenna; and
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matching circuitry to tune a transier function between the
multiport antenna and the first electronic component,
the matching circuitry including a digital non-Foster
circuit block to implement non-Foster matching, the
digital non-Foster circuit block being coupled to pro-
vide feedback to at least one port of the multiport
antenna so that the antenna forms a portion of the
teedback loop, wherein the digital non-Foster circuit
block includes:
an analog-to-digital converter (ADC) to convert a
sensed analog mput signal to a digital output signal;
a digital processor to process the digital output signal of
the ADC 1n accordance with a ftransfer function
associated with a non-Foster matching scheme; and
a digital-to-analog converter (DAC) to convert a digital
output signal of the digital processor to an analog
signal.
32. The antenna system of claim 31, wherein:
the matching circuitry includes one DAC for each of at
least two ports of the antenna for use in providing
teedback.
33. The antenna system of claim 31, wherein:
the multiport antenna includes multiple coils wrapped
about a common magnetic core, wherein each coil
defines a port of the antenna and the magnetic core
forms a feedback summing junction wherein the mul-
tiple coils are configured to achieve a desired flux
combining ratio.
34. The antenna system of claim 31, wherein:
the multiport antenna includes distributed capacitive cou-
pling structures to serve as a feedback summing junc-
tion, wherein one or more feedback signals are coupled
through an electric field within the distributed capaci-
tive coupling.
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